ABSTRACT -Oxidative stress induced by tamoxifen (TAM) in male testis and its effects on fertility and early embryo development were investigated. TAM was orally administered for 4 weeks repeatedly to two isogenic male mice strains, inbred strain of C57BL/6J (B6) mice and hybrid strain of C57BL/6J x CBA F1 (B6CBAF1) mice. Oxidative stress in mice testis was measured based on the level of lipid peroxidation (LPO). The LPO level was significantly increased in inbred strain of B6 mice (p < 0.05), but not hybrid strain of B6CBAF1 mice. Paternal exposure to TAM led to a significant decrease in the fertilization rate in B6 mice (p < 0.05), but not their B6CBAF1 counterparts. Interestingly, TAM had no impact on the cell number and apoptosis status in blastocysts. These results indicate that susceptibility to TAMinduced oxidative stress in the testis differs between isogenic mice strains, and genetic variations play an important role in promoting differential degrees of toxic response.
INTRODUCTION
Tamoxifen (Z-1-[4-(2-dimethylaminoethoxy)-phenyl]-1,2-diphenyl-1-butane; TAM) is currently used for the treatment of both early and advanced breast cancers in pre-and post-menopausal women (Jordan, 1992) . TAM is also known to exert a beneficial effect on sperm density and number of live spermatozoa but it has no substantial effect on sperm motility and morphology (Kotoulas et al., 1994) .
TAM induces oxidative stress and apoptosis via mitochondria-dependent and nitric oxide (NO)-dependent pathways (Nazarewicz et al., 2007) . The drug triggers a significant increase in reactive oxygen species (ROS) production in gametes and embryos (Pagono et al., 2001 ). In addition, TAM has been reported to induce morphological abnormalities in sperm that may be associated with DNA adduct formation in mice (Rai and Vijayalaxmi, 2001) and decrease fertility in adult male rats (Gill-Sharma et al., 1993; Balasinor et al., 2002) . These results suggest that TAM exerts oxidative stress-induced reproductive toxicity by affecting germ cells. The genetics of susceptibility has provided a novel and important basis to extrapolate the results of experimental toxicology to human epidemiology . Genetic variation plays a critical role in relevant risk assessments using laboratory animals and can be applied as an invaluable tool in assessing the mechanism of toxicity when selected appropriately. Among laboratory animals, isogenic (inbred and F1 hybrid) strains have a number of advantages for fundamental toxicology analyses and their use is almost essential to determine the mode of inheritance of genetic variations in responses (Festing, 2001) .
TAM is known to exert various biological effects ranging from pure estrogen antagonist to agonist, depending on the dose levels used, target organ, sex, and species (Kedia-Mokashi et al., 2010) . While several investigators have focused on TAM-induced oxidative stress in somatic cells, no studies have been performed to evaluate differential susceptibility against TAM-induced oxidative stress based on genetic variation. In the present study, we investigated TAM-induced oxidative stress in the testis and evaluated its effects on male fertility and early embryo development in isogenic mice.
MATERIALS AND METHODS

Animals
Inbred C57BL/6J (B6) and hybrid C57BL/6J X CBA (B6CBAF1) mice were used. Mice were bred and maintained at a temperature of 22-23°C, relative humidity of 50-55% and a 14 hr light:10 hr dark cycle. Animals were fed sterilized mouse pellets and allowed access to water ad libitum. All animal care and use procedures were approved by the Institutional Animal Care and Use Committee of Chungnam National University.
TAM treatment
Male mice aged 4 weeks (n = 6 per group) were administered 0.4 mg/kg/day tamoxifen citrate (Sigma Co., Saint Louis, MO, USA), which dose level was reported to reduce the fertility of adult male rat (Saberwal et al., 2002) , orally for 4 weeks. The drug was suspended uniformly in saline via sonication. Saline was used as the vehicle control.
Lipid peroxidation (LPO) assay in testis
Mice were sacrificed 24 hr after the final treatment in the morning between 09:00 and 11:00 am to minimize the circadian cycle effects. Testes were removed, immediately immersed in liquid nitrogen and stored at -80°C. Testes were sliced into sections and homogenized in cold 50 mM phosphate buffer (pH 7.0) containing 0.1 mM EDTA. Homogenates were centrifuged at 600 g for 10 min at 0°C, and the supernatant fractions used for LPO assay and protein determination. In the LPO assay, the malondialdehyde (MDA) level was measured as described by Ohkawa et al. (1979) . A 100 μl aliquot of tissue extract was added to 50 μl of 8.1% sodium dodecyl sulfate (SDS), mixed by vortexing, and incubated for 10 min at room temperature. Next, 375 μl of 20% acetic acid (pH 3.5) and 375 μl of thiobarbituric acid (0.6%) were added and the mixture placed in a boiling water bath for 60 min. Samples were allowed to cool down to room temperature. A 250 μl aliquot of distilled water and a solution of 1.25 ml of butanol pyridine (15:1) were added, vortex-mixed and centrifuged at 1,000 rpm for 5 min. A 500 μl aliquot of the colored layer was measured at 532 nm using 1,1,3,3-tetraethoxypropane as the standard. The protein concentration was determined with the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer's instructions.
Recovery of oocytes and embryos and in vitro culture of embryos
Five week-old B6 and B6CBAF1 female mice (n = 6 per group) were injected intraperitoneally with 10 IU of pregnant mare serum gonadotropin, followed by 10 IU of human chorionic gonadotropin (hCG) 48 hr later. Mice were impregnated overnight using control or vehicle or TAM-treated males of the same strain. Mating was ascertained by the appearance of a vaginal plug the following morning. Female mice were killed 48 hr after hCG administration, and oocytes and embryos harvested by flushing the oviducts. The number of oocytes and embryos (fertilized oocytes; ≥ 2-cell stage) were counted, and embryos cultured in 30 μl drops of Preimplantation Stage One medium (P1; Irvine Scientific, Santa Ana, CA, USA) containing 10% Serum Substitute Supplement (SSS; Irvine Scientific) in a humidified 5% CO 2 chamber for 72 hr. The developmental stages of the embryos were examined at 24 hr intervals. The rates of development to ≥ 8-cell stage at 24 hr (8C), ≥ blastocyst stage at 48 hr (BL), ≥ hatched blastocyst at 72 hr (HB) and ≥ blastocyst at 72 hr (blastulation) were examined (Nagy et al., 2003) .
TUNEL assay
Blastocysts at 72 hr were labeled using the modified TUNEL assay. Blastocysts were washed with washing solution composed of 0.4% Bovine Serum Albumin (Sigma Co.) in Phosphate Buffered Saline (Gibco BRL, Grand Island, NY, USA) and fixed in 4% paraformaldehyde in PBS for 1 hr at room temperature. After fixation, blastocysts were washed and immersed in 0.5% Triton X-100 (Sigma, Co.) for 1 hr at room temperature. Next, blastocysts were re-washed and immersed in fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase (TUNEL reagents; Roche Diagnostics Ltd., East Sussex, UK) for 1 hr at 37°C in the dark. After TUNEL, blastocysts were washed again and incubated in 0.05 mg/ml of propidium iodide (PI) supplemented with 0.05 mg/ml RNase A for 1 hr at room temperature in the dark to counterstain nuclei. Following another washing step, blastocysts were covered with a coverslip. Slides were examined under an Olympus epifluorescence microscope (Olympus microscopy, Tokyo, Japan). The number of cells labeled with TUNEL and/or PI was scored. The apoptotic index indicates the percentage of dead cells among the total number of cells per blastocyst.
Statistical analysis
The Student's t-test or Chi-square test was performed for data analysis to determine significant differences (p < 0.05) between the treatment and control groups. Vol. 37 No. 4 
RESULTS
TAM induces oxidative stress in the testis
As depicted in Fig. 1 , TAM-induced oxidative stress in the testis was evaluated by measurement of the LPO level in whole testicular homogenates. The LPO level was increased by 285% in B6 (p < 0.05) and 170% in B6CBAF1 mice treated with TAM, compared with control groups. These results showed that TAM induces oxidative stress in inbred strain of B6 mice testis, indicative of reproductive toxicity in male B6 mice, but not in hybrid strain of B6CBAF1 mice testis.
Impact of paternal exposure to TAM on fertility and early embryo development
TAM-treated male mice were mated with females of the same strain. The fertility and blastulation rates were significantly decreased (P < 0.05) in the B6 strain, but not the B6CBAF1 strain (Table 1 ). In the B6 strain, the observed fertilization rate of 61% was significantly lower than that of control (76%). The fertilization rate in the B6CBAF1 strain was 74%, which was not significantly different, compared with that of the control group (76%). The effect of TAM on development to blastulation was further investigated. In the B6 strain, the development rate to blastulation was 57%, which was significantly (p < 0.05) lower than that of control (70%). The development rate to blastulation for the B6CBAF1 strain was 70%, which was comparable to that of the control group (72%).
Impact of paternal exposure to TAM on blastocyst quality
To ascertain the impact of TAM on blastocyst quality, the degree of apoptosis and blastocyst cell numbers were estimated (Figs. 2a, b) . The TUNEL assay revealed that paternal exposure to TAM had no impact on the number of cells and proportion of apoptosis in blastocysts from both B6 and B6CBAF1 mice. Thus, the number of cells and apoptotic index in blastocysts from treated mice were not significantly different from those of control in both B6 and B6CBAF1 groups. oxidation (Bucak et al., 2009) . This is because spermatozoa, unlike other cells, are unique in structure, function and susceptible to damage by LPO. Therefore, lipid peroxidation and levels of antioxidants have been implicated in disturbances of sperm function (Dandekar et al., 2002) . Induction of oxidative stress in testes of mice by TAM is apparently associated with DNA damage in both testicular cells and epididymis sperm, and triggers a marked increase the frequency of sperm with abnormal heads (Kumar et al., 2002) . More importantly, its effect on fertility parameters suggests functional implications of oxidative damage and highlights a role in the development of male infertility (Rai and Vijayalaxmi, 2001; KediaMokashi et al., 2010; Alvarez and Storey, 1995) .
In our experiments, the LPO level was significantly increased in B6 inbred mice, but not B6CBAF1 hybrid mice, following TAM treatment. Earlier studies have reported significant differences in susceptibility to disruption of male reproductive development by estrogen between inbred (B6) and outbred (CD-1) mouse strains (Spearow et al., 1999) . Similarly, induction of differential degrees of oxidative stress by TAM suggests genetically different susceptibilities between inbred strain of B6 mice and hybrid strain of B6CBAF1 mice.
Unexpectedly, isogenic differences of TAM-induced oxidative stress affected the fertility rate. In other words, B6 inbred mice, which were more sensitive to TAMinduced oxidative stress in the testis, showed a reduced fertility rate, compared to B6CBAF1 hybrid mice. However, we observed no differences in preimplantation embryonic development to the blastocyst stage between the B6 and B6CBAF1 groups of mice. Furthermore, blastocyst cell numbers at 72 hr after fertilization as well as apoptosis status were similar among the control and TAM-treated strains. While we did not conduct sperm analysis in the present study, these results strongly indicate that TAM induces oxidative testicular damage, leading to reduced male fertility. However, after fertilization, this effect was discontinued and TAM ceased to affect preimplantation embryonic development and/or the integrity of blastocysts.
In addition to oxidative damage to the testis and/or male fertility, the observed isogenic difference may be attributed to the hormonal effects of TAM. Several lines of evidence demonstrate that the pro-estrogenic effect of TAM induces male reproductive toxicity (Rai and Vijayalaxmi, 2001 ). In addition, TAM triggers anti-androgenic effects to interfere with germ cell maturation during spermatogenesis in rats (Balasinor et al., 2001 ).
In conclusion, oxidative stress by TAM in the testis was induced with different degrees of susceptibility in different mice strains. The B6 inbred strain was significantly susceptible to oxidative testicular stress and displayed a considerably reduced fertility rate. However, the B6CBAF1 hybrid strain displayed greater tolerance to oxidative stress than the inbred strain. Therefore, genetic variations should be considered to select rodent strains for risk assessment, which will provide a clinically relevant test system to clarify the underlying mechanism of toxicity. 
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